Activation of extracellular-regulated mitogen-activated protein kinase by asbestos in mesothelial cells has been well documented. However, investigations into the p38 pathway have not been undertaken until now. In our study we set out to investigate the mechanism of p38 activation and a possible role for it in asbestos-mediated cell injury. A rat mesothelial cell line (4/4 RM-4) was treated with crocidolite asbestos at a range of doses and time points with or without antioxidants. Western blotting and in vitro complex kinase assays showed that crocidolite increased both p38 phosphorylation and activation in a time-and dose-dependent manner, and that these increases could be reduced by preincubating cells with antioxidants. Additionally, SB203580, a specific inhibitor of the p38 pathway, reduced crocidolite-induced activator protein DNA binding as shown by gel mobility shift assay.
INTRODUCTION
Despite some notable discoveries, the molecular pathogenesis underlying asbestos-induced malignant mesothelioma (MM) is not fully understood. In order to elaborate our understanding in this area, our present study was undertaken to investigate cellular signalling pathways that are activated when mesothelial cells are exposed to crocidolite asbestos. These pathways enable the cell to transduce an extracellular event to the nucleus, where modulation of gene expression leads to a phenotypic response, e.g. apoptosis/proliferation. Mitogen-activated protein (MAP) kinase signalling cascades are a family of proteins ubiquitously expressed throughout mammalian cells (Cobb and Schafer, 1996) . Previous work has shown the extracellular-regulated protein kinase (ERK) arm of the MAP kinase family to be activated by crocidolite in mesothelial cells. The reliance of this event upon oxidative stress has been shown by co-treatment of crocidolite with N-acetylcysteine (NAC) (Jimenez et al., 1997) , which led to amelioration of this response.
The present study aimed to investigate whether the p38 arm of the MAP kinase signalling family was activated under asbestos-stimulated conditions. This pathway is typified by its involvement in cellular stress responses (Herlaar and Brown, 1999) and inflammation. We hypothesized that this activation was dependent upon oxidative stress and examined the effect of antioxidants upon the modulation of p38 by asbestos. Finally, a possible role for the activation of p38 in crocidolite-induced activator protein (AP-1) DNA binding was investigated.
MATERIALS AND METHODS

Cell culture and treatment
Cells were cultured and treated as described elsewhere (Faux et al., 2001) .
Western blotting
Whole-cell lysates were subjected to 10% sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) before transfer of protein to nitrocellulose membrane. Membranes were probed for p-p38 (Thr 180 /Tyr 182 ) (New England Biolabs, Beverly, MA) or p38 (Sigma, Poole, UK). Horseradish peroxidaseconjugated secondary antibody (Amersham, Bucks, UK) and the enhanced chemiluminescence system (Amersham) were used to detect protein levels. Images were analysed using a β-imaging system (Molecular Dynamics).
In vitro complex kinase assay
p38 was immunoprecipitated from whole-cell lysates and then used to catalyse the [ 32 P]phosphor- ylation of PHAS-I (phosphorylated heat-and acidstable protein regulated by insulin). The radiolabelled peptide was resolved by 10% SDS-PAGE, and the gels were then dried and exposed to film. The relative intensity of bands was used as an indication of cellular p38 activity.
Electrophoretic gel mobility shift assay
Nuclear extracts were isolated as described by Staal et al. (1990) . Following isolation, samples were analysed as in Faux et al. (2001) .
RESULTS
Activation of p38 by crocidolite
Following 24 h incubation with 5, 10 and 25 µg/cm 2 crocidolite, 4/4 RM-4 cells exhibited a dose-dependent increase in p-p38 (Fig. 1a) . Native p38 levels remained constant irrespective of treatment, indicating that a true signalling event was being observed as opposed to an increase in expression of p38. In vitro complex kinase assays, which are a true measure of actual kinase activity, confirmed this observation (Fig. 1b) . In both cases, maximal increases in crocidolite p38 activation were achieved at 25 µg/cm 2 and was ~2-fold over untreated control values. The time course of activation was tested at 4, 8 and 24 h. The activation of p38 increased at a steady rate over this time (Fig. 2) . Due to the serum-starved conditions under which the experiments were performed, we could not test longer time points. This is because under these culture conditions a stress response is induced in mesothelial cells and the signal to noise ratio becomes too low to measure.
Mechanism of p38 activation by crocidolite
NAC decreased crocidolite-induced p-p38 levels in a dose-dependent manner, with 5 mM NAC returning p-p38 to basal levels ( Fig. 3a) . At 5 mM, NAC alone actually increased p-p38, which may be explained by a pro-oxidant effect at this dose in the absence of oxidative stress (Li et al., 2000) . Vitamin E had no effect at 0.5 mM, but at 1 mM it served to reduce pp38 back to control levels (Fig. 3b) ; as with NAC, vitamin E treatment alone appeared to have prooxidant effects.
Downstream effects of p38 activation
The ability of crocidolite to induce AP-1 DNA binding has been previously reported (Heintz et al., 1993) . We proposed that the p38 pathway could lie upstream of this event. To test this we incubated cells with SB203580, an inhibitor of p38, prior to asbestos treatment. This compound reduced crocidolite-medi- causes dose-dependent increases in p38 activity. Following treatment, p38 was immunoprecipitated from whole-cell lysates and the proportion of active p38 present in the sample was assessed by in vitro complex kinase assay. *Significantly different from control (P < 0.05). (Fig. 4) .
DISCUSSION
Our results demonstrate, for the first time, that crocidolite asbestos is capable of activating the p38 arm of the MAP kinase superfamily in a dose-and time-dependent manner. Furthermore, we have shown that this activation is triggered by oxidative stress. In addition, we have shown that crocidolitemediated oxidative stress results in lipid peroxidation, as co-incubation with vitamin E (a membranelimited antioxidant) ameliorated the effect of crocidolite. The level of p38 activation was still rising at 24 h, which indicates that crocidolite is capable of inducing protracted responses with regard to activation of this pathway.
Downstream of p38 we investigated whether p38 was involved in the crocidolite-induced formation of AP-1 complexes that could bind to a sequencespecific radiolabelled oligonucleotide with a specific inhibitor of p38. This work showed that inhibition of the p38 pathway ameliorates the ability of crocidolite to increase AP-1 DNA binding. We propose that this is due to the phosphorylation of proteins downstream of p38 that are part of the AP-1 complex, e.g. ATF-2 and Jun (Angel and Karin, 1991; van Dam et al., 1995; Karin et al., 1997) .
In summary, the activation of p38 by crocidolite in mesothelial cells is an important observation. This pathway is crucial in metering a cell's inflammatory response to stressful stimuli, e.g. to osmotic shock and UV radiation. This response may be achieved by the modulation of transcription of cytokines (Carter et al., 1999) , which in turn switch on further inflammatory processes. We therefore propose that prolonged activation of p38 by asbestos in vivo may enable the maintenance of a chronic inflammatory state and the onset of pathogenesis. In conclusion, therapeutic intervention in this process may provide a new treatment strategy for MM. 
